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Budding of C-type retroviruses begins when the viral Gag polyprotein is directed to the plasma membrane
by an N-terminal membrane-binding (M) domain. While dispersed basic amino acids within the M domain are
critical for stable membrane association and consequent particle assembly, additional residues or motifs may
be required for specific plasma membrane targeting and binding. We have identified an assembly-defective
Rous sarcoma virus (RSV) Gag mutant that retains significant membrane affinity despite having a deletion of
the fourth alpha-helix of the M domain. Examination of the mutant protein’s subcellular distribution revealed
that it was not localized to the plasma membrane but instead was mistargeted to intracytoplasmic membranes.
Specific plasma membrane targeting was restored by the addition of myristate plus a single basic residue, by
multiple basic residues, or by the heterologous hydrophobic membrane-binding domain from the cellular Fyn
protein. These results suggest that the fourth alpha-helix of the RSV M domain promotes specific targeting of
Gag to the plasma membrane, either through a direct interaction with plasma membrane phospholipids or a
membrane-associated cellular factor or by maintaining the conformation of Gag to expose specific plasma
membrane targeting sequences.

Retroviruses acquire their lipid envelopes from distinct lo-
cations along the cytoplasmic face of the plasma membrane.
Specific targeting to the site of budding is directed by the
retroviral Gag polyprotein, which is the only viral protein
needed to drive the assembly process (reviewed in reference
49). Like many cellular proteins, the Gag polyprotein is ini-
tially synthesized on free ribosomes in the cytoplasm. Subse-
quently, Gag proteins are directed to the inner leaflet of the
plasma membrane using targeting information located in the
N-terminal membrane-binding domain (M domain) (7, 49, 51,
58). The mechanism whereby most Gag proteins are selectively
directed to the plasma membrane rather than to intracytoplas-
mic membrane remains very poorly understood.

Retroviral morphogenesis follows one of several distinct
pathways, characterized by where viral structures are initially
visualized by electron microscopy (reviewed in reference 49).
For viruses that follow the type C pathway, such as Rous
sarcoma virus (RSV), human immunodeficiency virus (HIV),
and murine leukemia virus (MLV), Gag proteins are first seen
in dense aggregates just under the inner leaflet of the plasma
membrane. Type B and type D retroviruses assemble viral
cores within the cytoplasm, which are subsequently targeted to
the plasma membrane for budding. A third pathway is followed
by defective endogenous retroviruses, which form intracister-
nal A-type particles that are released into the endoplasmic
reticulum (ER). The determinants for each morphogenic path-
way are inherent to the Gag protein, as particle assembly can
be redirected from one pathway to another by altering the
amino acid sequence of the matrix (MA) domain (8, 10, 13, 40,
53).

While little is known about the mechanisms underlying how
Gag proteins belonging to different morphogenetic families
are directed to specific cellular membranes, the sequences
involved in membrane binding have been identified for several
viruses. For HIV type 1 (HIV-1), stable membrane association
is accomplished using a bipartite membrane-binding domain
consisting of the fatty acid myristate, added cotranslationally to
the N terminus of Gag (2, 15, 45), in concert with a patch of
basic residues between amino acids 15 and 31. Myristate pro-
vides a hydrophobic interaction with the lipid membrane, while
the basic residues are believed to form electrostatic interac-
tions with acidic phospholipids that are enriched at the cyto-
plasmic face of the plasma membrane (35, 58).

The biophysical basis underlying membrane binding for non-
myristoylated Gag proteins, such as those of RSV and equine
infectious anemia virus (EIAV), is less obvious. Indeed, the M
domain of RSV is much larger than that of HIV, comprising
the first 87 amino acids of Gag (29, 51). Yet both the RSV M
domain and the EIAV MA protein retain the conserved to-
pology of retroviral matrix proteins, being composed of four
overlapping alpha-helices packed around a central hydropho-
bic core (17, 25). The RSV M domain may exploit this three-
dimensional conformation to bring basic residues together
along one face of the molecule; this basic region might serve
an analogous function in stabilizing interactions with the
membrane phospholipids as the basic motif in the HIV MA
sequence. Indeed, genetic evidence from RSV Gag and bio-
chemical analysis of EIAV MA suggest that basic residues
contribute to electrostatic interactions crucial to membrane
association and viral assembly (3, 35, 37). However, it is pos-
sible that additional membrane-binding signals that do not rely
on electrostatic interactions exist within nonmyristoylated Gag
proteins. Evidence from studies of the EIAV MA protein sup-
port this idea, as EIAV MA binds equally well to electrically
neutral and negatively charged lipid bilayers (37).
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The microenvironment of the particular membrane targeted
for particle assembly may be as important for budding as are
the signals within Gag, since there appear to be specialized
regions of the membrane that promote efficient particle re-
lease. This has been shown by the localization of Gag proteins
at discrete, punctate regions of the plasma membrane by con-
focal microscopy (19) and by electron microscopic images of
clusters of virions that appear to have been released from fixed
positions on the membrane (36). Moreover, several investiga-
tors have implicated lipid “rafts,” microdomains of the plasma
membrane enriched in cholesterol and sphingolipids, as sites of
retrovirus particle assembly (23, 30, 31).

Because the mechanism underlying the targeting of type C
retroviruses to specific plasma membrane sites for budding
remains elusive, we have undertaken the study of RSV Gag
mutants to identify regions of the M domain that are involved
in specific plasma membrane targeting. In the present study,
we investigated whether mutants known to be impaired for
particle assembly had defects in membrane association or
membrane localization. We found that deletion of the fourth
alpha-helix of the RSV M domain resulted in redirection of
Gag proteins to intracellular membranes, leading to the re-
lease of particles through the endoplasmic reticulum via the
secretory pathway. Specific plasma membrane targeting was
restored by the addition of myristate and basic residues or by
the substitution of the heterologous hydrophobic membrane-
binding domain from the cellular Fyn protein, a member of the
Src family of tyrosine kinases. Together these results suggest
that membrane targeting and membrane binding are geneti-
cally separable and that the fourth alpha-helix of the M domain
is needed for specific plasma membrane targeting of RSV Gag
proteins.

MATERIALS AND METHODS

Plasmid construction. Plasmids pMA.GFP (14), pGag.GFP (3), pT10C.GFP
(� L domain) (36), pMyr0.BgBs.GFP (� I domain) (44), pSV.T14K.B1c (35),
pSV.Myr0 (52), and pSV.SPG.D37S (21) were previously described. Plasmids
pMyr2.B1c.MA.GFP, pMyr2.HB12.MA.GFP, and pMyr2.T14K.B1c.MA.GFP
were created by digesting PCR products derived from PARE89 and USP19.263
(14) with Asp718, treating with Klenow, digesting with SstI, and exchanging
similarly prepared fragments from pEGFP.N2 (Clontech).

The Fyn sequence was introduced into RSV Gag by using M13 oligonucleoti-
de-directed mutagenesis (22) with primer PARE35 (5�-GGATCAAGCATGGG
ATGCGTCCAATGCAAGGATAAGGAGGGCCCTAAAACCTATTGCGG
G), which introduces a diagnostic ApaI site. The Fyn sequence was transferred
into the pSV.Myr0 plasmid between SstI and XhoI sites. The B1c deletion was
incorporated into pSV.Fyn through exchange of an SstII fragment from
pSV.Myr2.B1c (35). Fyn.myr� and Fyn.palm� derivatives were created by PCR
using primers USP19.263 and PARE48 (5�-CTCCTTATCCTTGCATTGGACG
CATGCCATGCTTGATCCA) or PARE49 (5�-CTCCTTATCCTTGGCTTGG
ACGGCTCCCATGCTTGATCCA), respectively, introducing SstI and SpeI sites
for introduction into the pSV.Gag vector (20). All mutants of the RSV M domain
were introduced into pMA.GFP and pGag.GFP by SstI-BspEI fragment ex-
change (35). The mutations were confirmed by automated dideoxy sequencing.

Cells, transfections, and confocal microscopy. The chemically transformed
quail fibroblast cell line (QT6) was maintained as previously described (6, 27).
Cells were transfected with 1 �g of plasmid DNA by the calcium phosphate
method, and 18 h posttransfection confocal microscopy was performed as pre-
viously described using a Zeiss LCM 10 (14). Photomicrographs of the cells
shown are representative of the population of cells that were observed. Cells
treated with leptomycin B (LMB) (Sigma) were incubated with 10 ng/ml (18 nM)
for 2 h prior to observation with the confocal microscope. Indirect immunoflu-
orescence was performed as described previously (44) using monoclonal anti-
bodies against �-COP or the Golgi 58,000-molecular-weight (58K) protein (Sig-
ma), or a polyclonal antibody against the C terminus of calnexin (Stressgen

Biotechnologies, Victoria, British Columbia, Canada) and secondary antibodies
conjugated to Cy3 (Sigma). Images of the same microscopic field were obtained
using 488- and 643-nm lasers, and images were merged using Adobe Photoshop.

Radioimmunoprecipitation assay. QT6 cells were transfected by the calcium
phosphate method. Eighteen hours after transfection, cells were radiolabeled
with [35S]methionine (�1,000 Ci/mmol; NEN Life Science Products) and lysed,
and Gag proteins were immunoprecipitated from cell lysates (L) or culture
media (M) using polyclonal anti-RSV serum as described previously (35, 52).
Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and subjected to analysis using a PhosphorImager (Mo-
lecular Dynamics). Budding efficiency [M/(L � M)] was calculated as previously
described (52). Budding for wild type (Myr0.Gag) was assigned a value of 1.0,
and the other mutants’ budding efficiencies were normalized to that of the wild
type. Statistical significance was determined by using the Student t test.

For brefeldin A (BFA) treatment, COS-1 cells were transfected by the DEAE-
dextran-chloroquine method as previously described (55). Forty-eight hours after
transfection, cells were treated either with BFA (0.5 �g/ml; Fluka) or with the
solvent methanol for 1 h, after which cells were labeled for 2.5 h with L-[35S]me-
thionine in the continued presence of BFA. Cell lysis and immunoprecipitation
were performed as previously described (52) and analyzed by SDS-PAGE anal-
ysis and autoradiography. A budding ratio for both treated and untreated sam-
ples was calculated as the amount of p27CA present in the culture media follow-
ing a 2.5-h labeling period divided by the amount of Pr76Gag in the cell lysates of
a 15-min labeling. Budding efficiency in the presence of BFA was calculated as
the fraction of the budding ratio in the treated versus the untreated cells.

Membrane fractionation. Subcellular fractionation and membrane pelleting
were performed according to published methods (42). Briefly, 16 to 18 h post-
transfection 2.5 � 106 QT6 cells transfected with 15 �g of plasmid DNA were
washed twice and rinsed from the culture plate in ice-cold NTE (100 mM NaCl,
10 mM Tris [pH 7.5], 1 mM EDTA). Cells were pelleted at 500 � g, resuspended
in 1 ml of cold hypotonic lysis buffer (10 mM Tris [pH 7.5], 1 mM MgCl2,
leupeptin [1 �g/ml], pepstatin [1 �g/ml], phenylmethylsulfonyl fluoride [100
�g/ml]) and allowed to swell on ice for 15 min. Cells were lysed with 15 to 20
strokes of a Dounce homogenizer, and cell disruption was monitored by trypan
blue exclusion until approximately 90% of cells were disrupted. Lysates were
adjusted to 150 mM NaCl, and nuclei were pelleted at 1,000 � g. Membranes
were pelleted from postnuclear supernatants by centrifugation at 100,000 � g,
and membrane pellets were vigorously vortexed in NTE with 0.5% Triton X-100.
Clarified supernatants were adjusted to 0.5% Triton. Each fraction was analyzed
by fluorometry in an Aminco-Bowman Series 2 spectrophotometer with an ex-
citation maximum at 456 nm and an emission maximum at 508 nm. Membrane
association was calculated as the fraction of total fluorescence intensity present
in the pelleted fraction [P/(P � S), where P is the pellet fraction and S is the
soluble fraction]. Membrane association for Myr0.Gag (wild type), which was
43%, was arbitrarily set at 1.0, and each of the mutants was normalized to this
value. Statistical significance was analyzed by using the Student t test.

RESULTS

We previously characterized an assembly-defective mutant
of the RSV Gag protein which has a deletion of the fourth
alpha-helix of the M domain (Myr0.B1c, Fig. 1) (35, 55). Par-
ticle release was restored to the deletion mutant by the addi-
tion of myristic acid plus a cluster of basic residues inserted
within the M domain (35) or by the well-characterized mem-
brane-binding domains from the pp60 v-src [Src] oncoprotein
(55) or the HIV-1 Gag M domain (59). To gain further insight
into the mechanism of membrane binding for RSV Gag, we
tested whether budding could also be rescued by addition of a
membrane-binding domain that relies solely on hydrophobic
interactions (e.g., that of the cellular Fyn protein) rather than
one that consists of combined hydrophobic and electrostatic
interactions (e.g., Src and HIV-1 Gag). As well, to determine
whether RSV M domain mutants lacking the fourth alpha-
helical region were defective in membrane binding or whether
specific membrane targeting was disrupted, the ability of M
domain mutants to associate with membranes in vivo was
tested.
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Budding efficiency and membrane binding of M domain
mutants. In an attempt to separate nonspecific membrane
association from specific plasma membrane localization, wild-
type and mutant Gag proteins were fused in frame to the
reporter green fluorescent protein (GFP) and tested for par-
ticle assembly and in vivo membrane binding (Fig. 2). To assess
the efficiency of budding, Gag proteins were expressed in QT6
cells and the amount of Gag protein released into the medium
during a 2.5-h labeling period was compared to the level of
intracellular Gag proteins, as detected by immunoprecipitation
(Fig. 2A). Budding efficiency for wild type (Myr0.Gag) was
36%. Addition of myristate alone (Myr2.Gag), myristate plus a
single basic residue substitution (Myr2.T14K.Gag), or myris-
tate plus a cluster of basic residues (Myr2.HB12.Gag) did not
significantly alter particle assembly for the full-length Gag pro-

tein, as expected. In addition, a mutant containing a substitu-
tion of the RSV M domain with 10 amino acids from the Fyn
protein was capable of producing virus-like particles (Fyn-
.Gag). The Fyn membrane-binding domain is myristoylated at
the penultimate glycine residue and reversibly palmitoylated
on cysteines at positions 3 and 6. For the Fyn protein, specific
association with caveolae, microdomains of the plasma mem-
brane involved in signal transduction and regulation of lipid
metabolism, depends on both myristate and palmitate modifi-
cations (24, 38, 56). Thus, hydrophobic membrane interactions
provided by the Fyn sequence can substitute for the RSV M
domain to mediate plasma membrane targeting and particle
release. Presumably, the particles formed by the Fyn.Gag.GFP
fusion protein bud from raft-containing caveolae in the plasma
membrane.

Disruption of the RSV M domain by deleting the fourth
alpha-helical region, known as mutant B1c, severely impaired
particle production for the Myr0.B1c.Gag.GFP fusion protein;
budding efficiency was approximately 7% of the amount of
budding for full-length Myr0.Gag (Fig. 2A). Addition of my-
ristate or myristate plus a single lysine substitution did not
restore efficient budding (Myr2.B1c and Myr2.T14K.B1c, 15
and 21%, respectively) in QT6 cells, although there was a slight
improvement in particle production. In contrast, we previously
found that Myr2.T14K.B1c was capable of more efficient par-
ticle release in COS-1 cells, reflecting either a cell-type-specific
factor affecting budding or a difference in intracellular protein
levels, which are markedly increased in the COS-1 overexpres-
sion system (35). Similar to our results in COS-1 cells, adding
myristate plus a cluster of basic residues derived from the
HIV-1 M domain restored budding in QT6 cells as well
(Myr2.HB12. B1c, 95% budding efficiency compared to
Myr2.HB12). The hydrophobic membrane-binding domain of
Fyn (Fyn.B1c) also suppressed the effects of the B1c deletion,
returning particle assembly to 75% of full-length Fyn.Gag (Fig.
2A).

We presumed that the budding defect associated with the
B1c deletion resulted from a disruption of membrane binding
for Gag. If so, then we predicted that addition of myristate plus
basic residues would promote hydrophobic and electrostatic
interactions, thereby recreating a functional membrane-bind-
ing domain. To test this idea directly, we analyzed membrane
association for wild-type Gag.GFP and its derivatives in QT6
cells using subcellular fractionation followed by membrane
pelleting. Membrane-bound and soluble GFP proteins were
detected by fluorometry, and membrane association was ex-
pressed as a ratio of the pelletable material to the total fluo-
rescence in the pelleted and soluble fractions (Fig. 2B). Each
of the mutants was normalized to the level of membrane as-
sociation of wild-type Gag.GFP (Myr0.Gag), which was as-
signed a value of 1.0. As controls, we utilized GFP alone
(soluble), a C-terminal deletion of Gag that deletes interaction
(I) domains important for protein-protein interactions (solu-
ble), and a late (L) domain mutant of Gag that associates
efficiently with membranes (pelletable). Addition of myristate
alone (Myr2.Gag) modestly increased membrane association
when compared to Myr0.Gag, as did myristate plus basic res-
idues (Myr2.T14K and Myr2.HB12.Gag), as well as the hydro-
phobic membrane-binding domain of Fyn (Fyn.Gag).

Because we had attributed the assembly defect of Myr0.B1c

FIG. 1. Mutants of the RSV M domain. The arrangement of the
cleavage products produced from the wild-type [WT (Myr0)] Gag
polyprotein is depicted at the top. The E2G substitution, termed Myr2,
allows cotranslational addition of myristic acid (depicted as a zigzag
line) to the N terminus of Gag. Mutations Myr2.T14K and Myr2.HB12
insert basic residues from the M domain of HIV either individually or
within a cluster in the context of the myristoylated N terminus. The
Fyn substitution replaces the first 10 amino acids of the RSV M
domain with that of Fyn; a G2A change within this sequence, termed
Fyn.myr�, prevents both the myristoylation of Fyn at position 2 and
the reversible palmitoylation (indicated by the smaller zigzag line) at
positions 3 and 6. The Fyn.palm� mutation substitutes alanines for
cysteines that are the sites of Fyn palmitoylation. The deletion B1c
removes the fourth alpha-helix of the M domain (amino acids 73 to 86)
and extends through residue 98.
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to a general decrease in membrane affinity, we expected that
membrane association of the B1c deletion proteins would
parallel the budding efficiency profiles illustrated in Fig.
2A. To our surprise, the Myr0.B1c.Gag, Myr2.B1c.Gag, and
Myr2.T14K.B1c.Gag proteins (Fig. 2B) retained significant
membrane affinity despite severe defects in particle produc-
tion. Addition of myristate and a cluster of basic residues
(Myr2.HB12.B1c.Gag) or the membrane-binding domain of
Fyn (Fyn.B1c.Gag) suppressed the mild decrease in membrane
affinity associated with the B1c deletion.

To separate membrane association mediated by the M do-
main from potential membrane-stabilizing effects contributed
by downstream regions of Gag, we examined the ability of each
mutant to promote membrane association in the context of the
mature MA protein (Fig. 2C). Membrane association was nor-
malized to that of wild-type Gag (Myr0.Gag, assigned a value
of 1.0) to illustrate the membrane-binding capability of MA
compared to full-length Gag (Fig. 2C). The MA.GFP fusion
protein was highly soluble compared to full-length Gag, likely
due to its lack of I domains that are believed to strengthen
membrane binding through cooperative interactions. In sup-
port of this interpretation, the degree of membrane association
for MA.GFP is similar to that of the I domain mutant shown in
Fig. 2B (52).

In the context of MA, the addition of myristate (Myr2.MA)
or myristate plus basic residues, either singly (Myr2.T14K.MA)
or in a cluster (Myr2.HB12.MA), substantially increased mem-
brane binding (P 	 0.01, P 	 0.05, and P 
 0.0001, respec-
tively). Strikingly, substitution of the membrane-binding do-
main of Fyn for the RSV M domain in MA (Fyn.MA)
enhanced membrane affinity more significantly than the myris-
tate plus basic residue substitutions (P 
 0.0001), achieving the
level obtained for Fyn.Gag. Thus, the strong hydrophobic in-
teractions provided by the Fyn domain appeared to surpass the
contribution of the I domains of Gag to promote stable mem-
brane association of the MA protein.

To ensure that the amount of viral protein in the pelleted
fraction was the result of membrane association and not simply
the formation of large pelletable protein complexes, cell lysates

FIG. 2. Particle assembly and membrane association of the wild-
type and mutant Gag.GFP and MA.GFP fusion proteins. (A) Budding
efficiency. To determine the ability of each Gag derivative to assemble
virus-like particles, QT6 cells transfected with indicated Gag.GFP de-
rivatives were labeled for 2.5 h with L-[35S]methionine, lysed, and
immunoprecipitated with polyclonal serum against RSV. Budding ef-
ficiency was calculated by dividing the amount of Gag detected in the
extracellular medium by the sum of the Gag protein present in the cell
lysate plus that in the medium. Budding for each mutant was normal-
ized to Gag.GFP, which was assigned the value of 1.0. (B) Membrane
association of wild-type and mutant Gag.GFP proteins. Transfected
QT6 cells were fractionated by hypotonic lysis, and membranes were
pelleted by differential centrifugation. Membrane association was de-
termined by quantification of the amount of fluorescence present in
the membrane (P100) fraction divided by the amount present in both
the membrane and soluble fractions (P100 � S100). (C) Membrane
association of wild-type and mutant MA.GFP proteins. Membrane
association was determined as explained in the legend to panel B.
Black bars represent samples that were pretreated with 0.5% Triton
X-100 prior to membrane pelleting. Error bars (A to C) represent the
standard deviation of three or more independent experiments.
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were treated with Triton X-100 prior to membrane pelleting, as
indicated by the solid black bars in Fig. 2C. In each case, there
was a dramatic reduction in the amount of pelleted viral pro-
tein after detergent treatment, suggesting that Gag protein
detected in the pelleted fraction was stably bound to mem-
branes.

Subcellular localization of M domain mutants. The degree
of membrane association retained by Gag proteins in the pres-
ence of the B1c deletion was unexpected, given that this dele-
tion severely impairs particle production (compare Fig. 2A and
B for Myr0.B1c, Myr2.B1c, and Myr2.T14K.B1c). This discrep-
ancy suggested that the block to budding was not accounted for
by a simple defect in global membrane affinity, but instead
might reflect targeting to a membrane location that could not
properly support particle assembly. The membrane-pelleting
assay does not provide information about the site on the mem-
brane at which Gag is accumulating, nor does it verify that Gag
is associating with the plasma membrane rather than with
intracellular membranes. We therefore employed the GFP
marker on our fusion proteins to examine the intracellular
distribution of wild-type and mutant Gag and MA proteins by
confocal microscopy (Fig. 3A). As reported previously, the
wild-type RSV Gag.GFP protein localizes to the cytoplasm and

to punctate stretches along the plasma membrane (3, 44). In-
troduction of myristate (Myr2.Gag), plus a single basic residue
(Myr2.T14K.Gag) or multiple basic residues (Myr2.HB12.Gag),
did not alter the plasma membrane localization of Gag.GFP.
The wild-type MA protein, on the other hand, was present
throughout the cell with accumulation within the nucleus of
transfected cells (Fig. 3A) (14, 44). Introduction of myristate
alone (Myr2.MA) slightly reduced the amount of MA in the
nucleus, while myristate in combination with a single basic
residue (Myr2.T14K.MA) slightly enhanced nuclear localiza-
tion. More dramatic was the recruitment of MA to extended
patches along the plasma membrane, mediated by the addi-
tion of myristate and a charged patch of basic residues
(Myr2.HB12.MA).

Examination of the localization of B1c-deleted GFP fusion
proteins confirmed the results of the membrane-pelleting as-
say; these proteins remained associated with cellular mem-
branes but were mistargeted within the cell, accumulating at
intracellular membranes (Fig. 3B). The Myr0.B1c.Gag protein
adopted a reticulated pattern within the cell that excluded
both the nucleus and the plasma membrane. Addition of
myristate (Myr2.B1c.Gag) conferred a more regular pattern
of association with intracellular membranes. While both the

FIG. 3. Subcellular localization of Gag and MA mutant proteins. QT6 cells transfected with full-length (A) and B1c deletion (B) GFP fusion
proteins were examined by confocal microscopy 16 to 20 h posttransfection as indicated. Representative images are shown for each construct.
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Myr2.T14K.B1c.Gag and the Myr2.HB12.B1c.Gag proteins re-
mained localized to intracellular membranes, the addition of
basic residues was able to rescue a portion of the protein to the
plasma membrane at extended patches. The targeting of a
subpopulation of the Myr2.HB12.B1c.Gag protein to the
plasma membrane is consistent with the ability of this construct
to efficiently form virus-like particles (Fig. 2A). However,
the discrepancy between the partial restoration of the
Myr2.T14K.B1c.Gag protein to plasma membrane localization
and the failure of this construct to efficiently release extracel-
lular particles in QT6 cells (Fig. 2A) suggests that addition of
a single basic residue does not promote sufficient plasma mem-
brane association to drive budding.

The B1c deletion not only mislocalized the Gag protein to
intracellular membranes but also resulted in redistribution of
the previously soluble MA protein to intracellular membranes
(Fig. 3B). The relocalization of MA.B1c was preserved follow-
ing the addition of myristate alone (Myr2.B1c.MA) or in
combination with a single basic residue (Myr2.T14K.B1c.MA).
Addition of myristate plus multiple basic residues
(Myr2.HB12.B1c.MA) restored the association of the mutant
protein with the plasma membrane. The localization of B1c-
deleted proteins with intracellular membranes suggests either
that the deletion creates a new membrane-binding domain
specific for intracellular membranes or that the deletion im-
pairs the ability of Gag to properly select the plasma mem-
brane. The contributions of basic residues to membrane bind-
ing were subtle, but their effects on subcellular distribution were
dramatic, suggesting that reestablishment of plasma membrane
targeting by Myr2.T14K.B1c.Gag, Myr2.HB12.B1c.Gag, and
Myr2.HB12.B1c.MA is the result of restoring proper membrane
selectivity to the deleted Gag protein.

Intracellular distribution of Fyn substitution mutants.
Because the extent of plasma membrane rescue varies with the
addition of single or multiple basic residues to the

Myr2.B1c.Gag and Myr2.B1c.MA proteins, we examined the
effect of hydrophobic membrane-binding properties of the Fyn
domain on subcellular localization of Gag. The Fyn mem-
brane-binding domain has been shown to confer plasma mem-
brane localization to another heterologous protein (50), and
we found that the Fyn-substituted Gag and MA proteins were
strongly associated with membranes (Fig. 2). When examined
by confocal microscopy, Fyn.Gag.GFP accumulated almost ex-
clusively at the plasma membrane (Fig. 4). The Fyn.MA.GFP
protein also localized to the plasma membrane, likely due to a
reduced dependence on I domains for membrane binding (Fig.
4B). The Fyn substitution also restored plasma membrane
targeting of the Myr0.B1c.Gag and MA.B1c proteins, as dem-
onstrated by a pattern of continuous plasma membrane accu-
mulation (Fyn.B1c.Gag and Fyn.B1c.MA).

The ability of the Fyn sequence to promote plasma mem-
brane association was dependent entirely upon fatty acid mod-
ifications; a G2A mutation that abolished myristoylation also
prevented subsequent palmitoylation (Fyn.myr�.Gag) and re-
sulted in the formation of protein aggregates within the cell
(Fig. 4A). However, the nuclear transport of MA was not af-
fected by the loss of acylation (Fyn.myr�.MA) (Fig. 4B). Dis-
ruption of Fyn palmitoylation independently of myristoylation
(Fyn.palm�) prevented the ability of Fyn to restore plasma
membrane targeting specificity; the Fyn.palm�.B1c.Gag and
Fyn.palm�.B1c.MA proteins revealed the intracellular mem-
brane localization characteristic of proteins bearing the B1c
deletion. Failure of both the Fyn.palm�.B1c.Gag (Fig. 4A)
and the Myr2.B1c.Gag (Fig. 3B) proteins to localize to the
plasma membrane suggests that myristoylation alone is not a
sufficient signal for plasma membrane localization of Gag.

Colocalization of M domain mutants with intracellular
membranes. If the B1c deletion prevents the ability of Gag to
select the plasma membrane, then we predicted that the asso-
ciation of B1c deletion mutants with intracellular membranes

FIG. 4. Subcellular localization of Fyn.MA and Fyn.Gag derivatives. The intracellular distributions of Fyn.Gag.GFP (row A) and Fyn.MA.GFP
(row B) chimeric proteins were determined by confocal microscopy of transfected QT6 cells. The localizations of the Fyn.Gag and Fyn.MA proteins
were also examined in the absence of palmitoylation (Fyn.palm�.B1c) and the absence of both myristoylation and palmitoylation of Fyn
(Fyn.myr�). The individual cells shown are representative of the population of cells that were observed.
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would reflect a nonspecific membrane association rather than
targeting to a specific membrane. To determine whether Gag
proteins bearing the B1c deletion accumulated at specific in-
tracellular membrane locations, we employed indirect immu-
nofluorescence with markers of the ER and Golgi complex to
look for colocalization of Gag protein derivatives with these
subcellular organelles. The wild-type MA.GFP protein local-
ized to the cytoplasm and nucleus following fixation, and there
was no colocalization of staining with markers of the ER mem-
brane (calnexin) (Fig. 5A), ER COP-1 vesicle component (�-
COP) (Fig. 5B), or Golgi complex (58K) (Fig. 5C). In contrast,
there was partial overlap of the pattern of epifluorescence
seen with the Myr2.B1c.MA.GFP protein and the fluores-
cence seen by staining with all three antibodies, with the
greatest colocalization seen when using the calnexin anti-
body (see merged view, Fig. 5A). Indeed, the fluorescence
pattern of Myr2.B1c.MA.GFP encompassed a greater area of
the intracellular space than any of the individual organelle
markers, further suggesting not that the B1c deletion has in-
troduced a targeting signal but rather that the protein simply
accumulated at the most accessible intracellular membrane
sites.

Budding pathway of B1c.Gag proteins. Although
Myr2.T14K.B1c.Gag accumulated primarily at intracellular
membranes, this mutant Gag protein could be immunoprecipi-
tated from transfected cell culture supernatants to a limited
extent. Because no visible budding structures were visible by
electron microscopy at the plasma membrane or along cyto-
plasmic membranes (data not shown), we wondered whether
the particles released into the culture medium were released
from the plasma membrane or through bulk secretory flow
resulting from an association with ER and Golgi membranes.
To address this question, we expressed Myr2.T14K.B1c.Gag in
COS-1 cells, since budding is more readily detectable for this
mutant in these cells than in QT6 cells (Fig. 6) (35). We
examined the effect of BFA, a drug which disrupts the struc-
ture of the Golgi complex (12), on the release of wild-type and
Myr2.T14K.B1c Gag proteins. Transfected COS-1 cells were
pretreated with BFA (0.5 �g/ml) for 1 h prior to radiolabeling
for 2.5 h, and Gag proteins were immunoprecipitated from cell
lysates and culture media (Fig. 6A). As a control for BFA
activity, release of an Env-Gag fusion protein (SPG.D37S),
which is known to follow the secretory pathway, was severely
inhibited by the drug (21), with protein levels in the media
reduced to 23% of those in the untreated control (P 	 0.0047)
(Fig. 6). Importantly, particle release for the wild-type Gag
protein was insensitive to BFA, indicating that drug treatment
had not disrupted all cellular membranes and subcellular tar-
geting processes. The detection of Myr2.T14K.B1c protein in
the media was significantly reduced upon treatment with BFA
(Fig. 6B [65% of its untreated control; P 	 0.027]). This find-
ing confirmed that the Myr2.T14K.B1c protein does associate
with ER and Golgi membranes. Thus, there are two trafficking
pathways for this mutant: (i) the BFA-resistant pathway, which
may reflect the inefficient targeting to and budding from the
plasma membrane, and (ii) the BFA-sensitive pathway, which
is associated with intracellular membranes that serve as the
precursors for secretory vesicles.

Nuclear trafficking pathway of RSV M domain mutants. It
was possible that the B1c deletion, which removes the fourth

alpha-helix of the M domain, could affect additional trafficking
pathways other than the plasma membrane targeting of Gag.
Indeed, we previously reported that the RSV Gag protein
enters and exits the nucleus, and that the fourth alpha-helix of
the M domain is necessary for the nuclear localization of the

FIG. 5. Colocalization of the Myr2.B1c.MA protein with markers
of the ER and Golgi. Cells expressing the MA.GFP or
Myr2.B1c.MA.GFP fusion protein were fixed in 3:1 acetone-methanol
and stained with antibodies against calnexin (�-calnexin) (A), �-COP
(�-�COP) (B), or the 58K Golgi protein (�-58K) (C) and a secondary
antibody conjugated to Cy3 and viewed by confocal microscopy. Lo-
calization of the MA and Myr2.B1c.MA proteins is displayed as GFP
epifluorescence in the left-hand panels, while the subcellular distribu-
tion of endogenous marker proteins is displayed in corresponding
fields in the center panels. The right-hand panels show merged views
of the GFP and Cy3 images.
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RSV MA protein (44). While the role of nuclear trafficking is
not yet known, it does appear that transient nuclear localiza-
tion of Gag is an intrinsic part of the assembly pathway (44).
Because nuclear export of the RSV Gag protein is inhibited by
treatment with LMB (44), Gag proteins that are capable of
nuclear entry should accumulate within the nucleus when
treated with LMB. To determine whether deletion of the
fourth alpha-helix of the M domain disrupted nuclear entry of
Gag, cells expressing Gag.GFP and B1c derivatives were
treated with LMB for 2 h and examined by confocal micros-
copy (Fig. 7). Each of the Gag proteins with a deletion of the
fourth alpha-helix was capable of nuclear entry and accumu-
lated in the nucleus upon LMB treatment. While a portion of
the Myr2.B1c.Gag and Myr2.T14K.B1c.Gag proteins remained
associated with intracellular membranes following treatment,
the majority of the protein was trapped in the nucleus. The
efficient nuclear entry of B1c-deleted Gag proteins suggests
that while the fourth alpha-helix is necessary for nuclear entry
of MA, there might be additional downstream sequences
that contribute to nuclear targeting of Gag. Furthermore,
these results imply that deletion of the fourth alpha-helix of the
M domain alters the terminal subcellular targeting step of
assembly—the specific transport of Gag to the plasma mem-
brane.

DISCUSSION

The mechanism of RSV membrane targeting has remained
elusive, as RSV Gag contains none of the membrane-targeting
determinants found in other retroviral Gag proteins or cellular
proteins, including amino-terminal fatty acid modifications or
clustered basic residues. Association of cellular signal trans-
duction proteins with the plasma membrane often involves
modification of the penultimate glycine with a covalently at-
tached myristate moiety added cotranslationally (54). Al-

FIG. 6. Particle assembly in the presence of BFA. COS-1 cells
transiently transfected with simian virus 40 promoter-based expression
vectors were pretreated with either methanol alone (�) or with BFA
(�) for 1 h. (A) SDS-PAGE analysis of immunoprecipitated wild-type
and mutant Gag.GFP constructs treated with BFA. The Env-Gag
fusion (SPG) contains a point mutation in PR (D37S) and appears as
two protein bands within the cell and a highly glycosylated form in the
medium (21). Bands corresponding to the Gag precursor Pr76gag, the
cleavage proteins CA, MA, and PR, and the SPG.D37S chimera are
indicated. (B) Efficiency of Gag protein release into the medium was
calculated as described in Materials and Methods following either a
pulse-label or 2.5-h labeling of transfected COS-1 cells. Error bars
indicate the standard deviation of three or more independent experi-
ments. Student’s t test was performed to determine statistical signifi-
cance (*, P 	 0.027; **, P 	 0.0047). WT, wild type.

FIG. 7. LMB treatment of Gag deletion proteins. To determine the
ability of Gag proteins containing the B1c deletion to transit through
the nucleus, live cells expressing each of the indicated GFP fusion
proteins were treated for 2 h with LMB (10 ng/ml) and then examined
by confocal microscopy.
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though myristatic acid is thought to insert into the lipid bilayer,
this interaction appears to be transitory, as myristoylation is
not sufficient for stable membrane association (28). Tight
membrane association therefore requires an additional mem-
brane-binding determinant (reviewed in references 24 and 39).
For Src-related tyrosine kinases such as Fyn, Yes, and Lck, this
signal is palmitate, a second fatty acid added posttranslation-
ally in a reversible manner. Other proteins, such as Src itself,
employ a polybasic stretch downstream of the myristate mod-
ification. These basic residues are believed to allow for elec-
trostatic association with the negative phospholipids of the
inner leaflet of the cell membrane.

This second signal for membrane binding, either palmitoyl-
ation or a polybasic cluster, not only stabilizes the association
with the membrane but also provides specificity in plasma
membrane targeting. Numerous examples demonstrate that
elimination of this second signal results in relocation of the
protein to intracellular sites. For example, mutations that pre-
vent the palmitoylation of the cellular G protein � subunit
(G�Z) result in relocalization of the mutant protein to intra-
cellular membranes (11, 26), and the lack of palmitoylation
results in the accumulation of the Src-family kinase p59Hck in
lysosomes (4, 41). Mutation of the lysines which comprise the
cellular kinase K-Ras(B) polybasic stretch redistributes the
protein to the endoplasmic reticulum and Golgi apparatus (1,
5).

In a similar manner, membrane binding and the specificity of
membrane targeting are separable in the HIV M domain.
Numerous mutations and deletions affecting the polybasic
stretch between amino acids 15 and 31 of the HIV M domain
result in relocalization of the Gag precursor to intracellular
membranes (10, 13, 19, 32, 48, 57). In some cases, rare budding
structures of both immature (10, 48) and mature (32) viral
particles can be observed at perinuclear, ER, and Golgi mem-
branes. A similar phenotype has been observed for MLV,
where mutations within the N terminus of MA redirect Gag to
intracellular membranes (16). For MLV, intracellular aggre-
gation of Gag proteins is seen along the ER membrane and
incomplete budding structures are observed within the cyto-
plasm (46).

In this study, we report a similar phenotype for mutants of
RSV Gag, a nonmyristoylated oncoviral Gag protein. Deletion
of the fourth alpha-helix of the membrane-binding domain
(�B1c) resulted in accumulation of the Gag precursor at in-
tracellular membranes. Particle assembly was severely reduced
in the B1c construct, yet overall membrane association was not
impaired. Proper plasma membrane targeting was restored by
stabilizing specific interactions with the plasma membrane ei-
ther through the addition of basic residues or by the addition
of a heterologous plasma membrane targeting signal. The
fourth alpha-helix of the M domain was necessary but not
sufficient for plasma membrane targeting, since this sequence
was not able to redirect the soluble GFP protein to the plasma
membrane (data not shown).

Our results suggest that Gag is able to associate nonspecifi-
cally with intracellular membranes until plasma membrane
specificity is achieved. Many cellular proteins achieve mem-
brane specificity as a late event in membrane binding (56).
Proteins containing a single signal for membrane binding sam-
ple both intracytoplasmic membranes and the plasma mem-

brane through reversible associations. Addition of the second
modification, often palmitoylation at a specific subcellular lo-
cation, increases membrane affinity, thereby tethering the pro-
tein at the site of modification. RSV Gag might also temporally
separate membrane binding and specific plasma membrane
association; the fourth alpha-helix of the M domain might
enable Gag to achieve the appropriate conformation for
plasma membrane association after sampling intracellular
membranes. Alternatively, the fourth alpha-helix may lock
RSV Gag into the final conformation for specific plasma mem-
brane targeting, thereby bypassing prior association of Gag
with intracellular membranes.

However, rather than affecting the conformation of Gag, the
fourth alpha-helix of the M domain might encode sequence
determinants that promote stable association with the plasma
membrane. It is possible that the Myr0.B1c.Gag protein does
not contain enough basic residues to be stably maintained at
the plasma membrane; the additional three basic residues in
the fourth alpha-helix could therefore enable Gag to achieve
the threshold for interaction with the negatively charged cyto-
plasmic face of the plasma membrane. Alternatively, the fourth
alpha-helix of RSV Gag might not associate directly with mem-
brane phospholipids but may instead provide a protein inter-
action domain that anchors RSV Gag to another plasma mem-
brane associated protein.

Our results are also consistent with a model whereby the
MA domain adopts different conformations in its mature form
and in the context of the Gag polyprotein. It has been pro-
posed that HIV Gag utilizes a myristyl-switch mechanism in its
interaction with the plasma membrane (33, 59). For HIV Gag,
the myristate moiety and a polybasic motif facilitate plasma
membrane association; upon proteolysis of Gag, the mature
MA protein sequesters the myristate moiety to increase its
solubility, thereby becoming available to participate in posten-
try events of infection within the cytoplasm. This hypothesis is
supported by biochemical data indicating that the membrane
association of MA is much weaker than Gag (19, 32, 47, 59)
and that MA and Gag bind to the membrane in distinct con-
formations (9, 43). We found that the mature MA protein of
RSV also binds membranes much more weakly than does the
full-length Gag protein. Deletion of the fourth alpha-helix
increases nonspecific membrane association, perhaps by alter-
ing the conformation of MA to resemble that present in the
context of the Gag polyprotein. In an analogous fashion, the
last alpha-helix of HIV-1 MA is postulated to regulate the
switch between the conformations of the mature, soluble MA
protein and the immature membrane-bound form (18).

Both the association of Gag with intracellular membranes,
which prevents the efficient release of viral particles, and the
association of the mature MA protein with inappropriate cel-
lular membranes may be deleterious to viral replication. Vi-
ruses containing the Myr2.T14K.B1c and Myr2.HB12 Gag mu-
tants manifest postassembly blocks in the viral life cycle (14,
34). Despite efficient particle assembly, these viruses contain
monomeric genomic RNA. This finding suggests that while an
altered membrane-binding domain may allow Gag to transit to
the plasma membrane and release particles, formation of an
infectious virion appears to be more complex than simply as-
sembling particles at the plasma membrane. The wild-type
membrane-targeting domain of Gag might be necessary for
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association of Gag with a specific plasma membrane microen-
vironment, a cellular cofactor, or a subcellular trafficking path-
way that is required for genomic RNA dimerization. In addi-
tion, these viral mutants show postentry defects, suggesting
that alteration of the M domain might have additional effects
required early in the establishment of infection. Thus, the
signals present in Gag that confer specific plasma membrane
targeting may provide additional essential functions in the viral
life cycle.
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